Introduction
Composite materials are formed by combining two or more materials in such a way that the constituents are still distinguishable and not fully blended. This type of material takes advantage of the different strengths and abilities of its different elements. The majority of composite materials use two constituents: a binder or matrix and reinforcement. The reinforcement is stronger and stiffer, forming a sort of backbone, while the matrix keeps the reinforcement in a set place. The binder also protects the reinforcement, which may be brittle or breakable (Karni et al. 1994) . Generally, composites have excellent compressibility combined with good tensile strength, making them versatile in a wide range of situations. Microsized ceramic powders and fibers were widely used in the fabrication of Al and Zn-based composites. Compared to the unreinforced aluminum alloy, these composites not only have a considerably improved strength and stiffness, but also a significantly reduced ductility, which limits their widespread use (Auras and Schvezov, 2004) .
The columnar-to-equiaxed transition (CET) is directly associated with the existence of equiaxed grains in the melt ahead of the columnar growing front. The level of understanding of CET was summarized by Spittle 2006 , whereas a comparison of different CET prediction methods was given very recently by Mc Fadden et al. 2009 .. The interaction between parameters involved in the CET has obtained considerable interest over the last decades in order to understand the structure evolution of ingot castings and to optimize metallurgical processes (Hunt 1984 , Ziv and Weinberg 1989 , Ares and Schvezov 2000 , Ares et al. 2002 , Ares et al. 2005 , Ares and Schvezov 2007 , Reinhart et al 2005 , Spittle 2006 , Yasuda et al. 2006 , Mc Fadden et al. 2009 , Gueijman et al. 2010 .
The aim of the present investigation was to analyze the effect of the directional heat extraction on the microstructure of composites and on Al 2 O 3 distribution in the aluminum matrix composite during the columnar -to -equiaxed (CET) position in samples directionally solidified. Zn-27wt.%Al (ZA27) alloy matrix was reinforced/filled with ceramic-particulates of alumina (Al 2 O 3 ), vertically directionally solidified. The following parameters were measured: cooling rates, temperature gradient and interphase velocities. And the influence of heat transfer on the solidification microstructure of the MMCs was analyzed. Experimental results include grain size and particle distribution as a function of solidification conditions imposed by the metal/mold system. The conditions for the CET in MMCs are compared with those in Zn-Al alloys.
Experimental details
The metal matrix composites were prepared from zinc (99.98 wt pct) and commercial aluminum (99.96 wt pct) and adding Al 2 O 3 particles. The compositions of composites are shown in Table 1 . The samples were melted and solidified directionally upwards in an experimental setup described elsewhere (Ares and Schvezov 2000 , Ares et al. 2002 , Ares et al. 2005 , Ares and Schvezov 2007 . The temperature measurements were performed using K-type thermocouples which were protected with ceramic shields. The thermocouples were previously calibrated using four temperature points: demineralized water at the freezing and boiling points (corrected by atmospheric pressure) and zinc (99.98 wt pct) and aluminum (99.96 wt pct) at their melting points. The accuracy of thermocouples was determined to be between ± 0.5 K. The samples were melted in Pyrex molds of 29 mm-E.D. and 27 mm-I.D.
The liquidus and solidus temperatures for each alloy were determined by the start and the end of solidification at each thermocouple position. Both points were detected by changes in the slopes of the cooling curve at the start and the end of solidification. This criterion was chosen in order to allow undercooling to occur before solidification and possible recalescence during solidification of equiaxed grains. The values of temperatures are shown in Table 1 . The results between both methods are within 5% error and within the predicted values given by the phase diagram (Moffat 1984) . After solidification, the samples were cut in an axial direction, polished with emery paper up to 1000 grit and 1-μm alumina using a low speed machine and etched with a mix containing chromic acid (50 g Cr 2 O 3 , 4 g Na 2 SO 4 in 100 mL of water) during approximately 10 seconds at room temperature (Vander Voort 2000) . The position of the transition was located by visual observation and optical microscopy and the distance from the chill zone of the sample was measured with a ruler. The average grain size and volume fraction were determined according to ASTM E 112-88 and ASTM E 562-89 techniques, respectively. The size, volume and number of particles in three dimensions were determined utilizing Saltykov`s modification of Johnson's method (Underwood 1968) . The determination of the number of particles by means of a grid method was done dividing one section in 64 squares of 20 X 20 mm uniformly distributed. The number of repetitions in each case ensured a representative distribution in each sample. The particle volume distribution was obtained utilizing the standard norm ASTM E562-89. The determination of the density of averages sizes of particles was found quantifying the repetitions of size of different particles in the grid utilized. An average of the distribution of sizes was obtained. The range of particles size is between 1,56 μm to 20,79 μm of average diameter.
The microstructure was analyzed with optical and scanning electron microscopy (SEM). The distribution of elements in the microstructure was determined using EDXA. A Rigaku X-ray diffraction (XRD) system (Rigaku MSC, the Woodslands, TX) was used for the XRD analysis of the alloys and composites.
(a) (b) (c) 
Results and Discussion

Macrostructures and microstructures
A number of twelve experiments in a range of alloy and composite compositions and cooling rates were performed. A typical macrostructures of the transition is shown in Figure 2 for: (a) ZA27+5vol%Al 2 O 3 , (b) ZA27+8vol%Al 2 O 3 and (c) for ZA27+16vol%Al 2 O 3 . As was reported elsewhere for other alloys (Ares and Schvezov 2000 , Ares et al. 2002 , Ares et al. 2005 , Ares and Schvezov 2007 , Gueijman et al. 2010 ), the transition is not sharp showing a zone where some equiaxed grains co-exist with columnar grains. The size of the transition zone is in the order of up to ten millimeters between the minimum position of the CET (CET Min. ) and the maximum position of the CET (CET Max. ). Also, no effect of the set of the thermocouples in the transition is observed; either acting as nucleating sites or changing the solidification structure. The solidification microstructure of the ZA27 alloy ( Figure 3 ) presents a dendritic structure consisting of α primary dendrites rich in aluminum. The α + η eutectoid is formed from α dendrites and β peritectic through a transformation at 548 K, following the Zn-Al phase diagram and formed during the final stage of solidification. This eutectoid has a typical platelike form of α and η sheets and a standard and a finer eutectic structure is observed.
Al 2 O 3 appears in the interdendritic zone of the microstructure. Figure 3 shows the matrix with particles of Al 2 O 3 . Some degree of porosity is present in the samples, which increases from the bottom to the top of the casting as can be seen in Figure 4 . This porosity was observed in the case of directional solidification of SiC-reinforced ZincAluminum matrix composites Schvezov 2013) .
The size of particles range is between 1,75 Pm to 15,8 Pm in average diameter. In position 3 (top of the sample) there are no particles higher than 7.02 Pm, whereas in position 2, the size distribution is more homogeneous than in other positions. In position 1 (bottom of the sample) it is possible to appreciate particles of 5.26 Pm of average diameter , that is, about twice with respect to the other positions. 
Cooling velocity
As reported before (Ares and Schvezov 2000 , Ares et al. 2002 , Ares et al. 2005 , Ares and Schvezov 2007 , Gueijman et al. 2010 ) the cooling velocity of the liquid alloy was determined from the temperature versus time curves at each thermocouple position and taking the average slope. The temperature versus time plot for one experiment is presented in Figure 5 (a). The cooling velocities calculated from the type of curves in Figure 5 (b) are listed in Table 1 for all the experiments as T L. Table 1 also lists the location of the transition from the bottom of the sample which is in the range of CET Min. to CET Max. (cm). Comparing the cooling velocities with the distances which correspond to the length the columnar zone, it is observed that increasing the velocity increases the length of the columnar grains (CET Max. ). As it was observed for ZA alloys in previous research (Ares and Schvezov 2007) , the temperature versus time curves also show that the temperature evolution depends on the structure being formed. During columnar solidification the temperature decreases steadily and monotonically, on the contrary in the equiaxed region, during the transition, there is a recalescence which increases the temperature from a minimum; the level of recalescence for each experiment is listed in Table 1 as REC (°C). 
Solidification velocity
The solidification velocity was determined from time recorded by the beginning to the end of solidification at each thermocouple position and considering the separation between thermocouples of 20 mm. The position of the interphases for one experiment with composite is shown in Figure 6 (a) . A uniform motion of the liquidus and solidus interphases as in the case of Zn-Al alloys was observed (Ares and Schvezov 2007) . The horizontal bar in each position indicates the time it takes the temperature to go from the liquidus to the solidus temperature i.e. the local solidification time versus liquidus and solidus interphase. Figure 6 (b) is a schematic of the position of interphases during solidification in the sample. From these types of figures, or from Figure 6 (c) , the velocities can easily be calculated for the same experiments.
In both cases an acceleration of the interphase movement which becomes particularly relevant at the transition from columnar to equiaxed solidification can be observed. Moreover, it is observed that the liquidus interphase, V L , accelerate faster than the solidus interphase, V S . The numerical values of both velocities at the transition are listed in Table 2 . 
In Figure 7 represents the different velocities, VL and VS obtained for one of the experiments. In this case both, velocities of the solid and liquid interphase accelerate during, and after the transition, leading to a larger mushy zone.
In Table 2 the highlighted boxes correspond to the liquidus velocities obtained at the critical point of the columnar to equiaxed transition. The observation here is that these values are nearly the largest obtained in each experiment indicating the acceleration of the liquidus interphase at the CET. 
Temperature gradients
The temperature gradients, G, were calculated for each pair of neighbour thermocouples as the temperature difference between the thermocouple readings divided by the separation distance between thermocouples.
The values of gradients are plotted in Figure 8 for one experiment of ZA27+5vol% Al 2 O 3 .composite. It is observed that from the beginning of solidification, the gradients decrease with the time. The minimum value always corresponds to the position of the columnar-to-equiaxed transition. The gradients showed for the experiment in Figure 8 reach a minimum value of 0.52 ºC/cm. Therefore, as it is shown in Table 1 , the gradients determined in most experiments are negative. When the negative value of gradient is obtained is an indication of a reversal in the temperatures profiles ahead of the liquid front, which could be associated to the recalescence due to massive nucleation of equiaxed grains, and previously reported and discussed for different alloys (Ares and Schvezov 2000 , Ares et al. 2002 , Ares et al. 2005 , Ares and Schvezov 2007 , Gueijman et al. 2010 . The fact that in some cases the position of the thermocouples are not located at the precise position where the transition occurs, may prevent detection of the negative gradients which is believe to occur in all cases. 
Conclusions
The main results obtained in the present investigation on directional solidification of Al 2 O 3 -reinforced ZincAluminum matrix composites are summarized as follows:
Directional solidification of metal matrix composites was performed and the temperatures during the whole process measured in the liquid and solid phases of composites. For the three type of composites studied the columnar-to-equiaxed transition was produced and the values of the temperature gradients, which were calculated, reached minimum values during the transition; in most cases even negative. As was reported before for ZA alloys, an increase in the cooling velocity in the liquid increases the columnar zone length. At the CET, the liquidus interphase velocities are between 0.05 to 0.45 mm/s depending on composite directional solidification experiment. Recalescence was detected and measured during the equiaxed transition being of the order of 3.3°C to 1.0°C. The transition from columnar-to-equiaxed structure is not abrupt but occurs in a zone of 1 cm or larger and the same results were obtained for the binary Zinc-Aluminum alloys. 
